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lants are important sources of food and shelter in all ecosystems, and many other organisms make their livings from plants. To survive, plants have evolved sophisticated strategies to defend themselves against these attackers. The most diversified of these are the defensive compounds, which can be constitutively produced but are often induced in response to specific attackers and vary among tissues within a single plant (1, 2) . Like all organisms, plants must make resource allocation decisions to optimize their Darwinian fitness. Optimal defense (OD) theory predicts that defenses are allocated to tissues in proportion to their fitness value and likelihood of attack (3, 4) . The fitness value of leaves is highly stage and context specific and as the dominant aboveground component of plants, they are frequently attacked by herbivores, and defended by traits that are both constitutively and inducibly expressed (5) (6) (7) (8) . Most of these inducible defenses of leaves are regulated by attack-elicited phytohormone signaling, of which jasmonate (JA) signaling plays the dominant role (9) (10) (11) . Flowers are undoubtedly among the most fitness valuable tissues of annual plants due to their intimate involvement with seed and pollen production. Moreover, flowers are nutritious and readily apparent to herbivores and hence are frequently attacked. OD theory predicts that flowers will have high levels of constitutively expressed defenses and a substantial literature that describes the species-specific secondary metabolites or defensive proteins of flowers is consistent with these predictions (12) (13) (14) (15) (16) . In the wild tobacco, Nicotiana attenuata, secondary metabolites frequently accumulate in floral tissues at levels significantly higher than in leaves (2) . However, little is known about how these floral defenses are regulated.
The inducible defenses of leaves are regulated by the JA phytohormones (5, (17) (18) (19) . JA signaling also plays central roles in regulating other stress responses as well as several aspects of plant development (11) . During flowering, JA signaling has been shown to regulate flower development and pollinator advertisement traits (20) (21) (22) (23) . However, the role of JA signaling in regulating constitutive floral defenses has not been investigated.
Both external stress factors and internal developmental signals regulate levels of JAs, especially (+)-7-iso-JA-Ile (JA-Ile), the bioactive form of JAs required for the activation of many responses (24) . JA-Ile perception and signaling is through the F-box protein, coronatine-insensitive 1 (COI1), and JASMONATE ZIM-domain (JAZ) proteins, which form a receptor complex
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Plants are at the base of most food chains and hence are frequently attacked by herbivores. Leaves are the dominant aboveground tissues of most plants and their defense responses against folivores are well studied and known to be regulated by jasmonate (JA) phytohormone signaling. As the most fitnessvaluable and frequently the most nutritious tissues, flowers are also commonly attacked by florivores. However floral defense, compared with leaf defense, is rarely studied, and the signaling systems that regulate these defenses are unknown. Here we show that flowers of the wild tobacco, Nicotiana attenuata, constitutively accumulate large amounts of defensive compounds, trypsin proteinase inhibitors, (E)-α-bergamotene and defensins, and that a flower-specific sector of JA signaling regulates these constitutively expressed floral defenses. (25) . JAZ proteins directly interact with and repress a series of JA-responsive transcription factors (TFs) (26, 27) , and in the presence of JA-Ile, the SCF COI1 complex binds to and subsequently mediates the degradation of JAZ proteins, releasing their inhibition of downstream JA-regulated responses. The expression of JAZ genes is also known to be subsequently activated, which in part results in desensitization of JA signaling through alterative splicing variants of JAZs (28) (29) (30) . This alternative splicingmediated desensitization of JA signaling requires the N-terminal cryptic MYC-interaction domain (CMID) of JAZ, which somehow keeps JA signaling from becoming unregulated (28, 31, 32) . There are at least two mechanisms required for JAZ repressor activity. The first is the interaction with the general corepressor TOPLESS (TPL). Some JAZ proteins that contain EAR motifs can directly interact with TPL (33, 34) . Other JAZs that lack the EAR motif require the recruitment of an adaptor protein, NOVEL INTERACTOR OF JAZ (NINJA), which subsequently binds to TPL (35) . Arabidopsis has a single copy of the NINJA gene, which is closely related to the ABI-FIVE BINDING PROTEIN (AFP) gene family (35) . In rice, two NINJA proteins were identified to interact with OsJAZ8, which regulates bacterial blight resistance (36) . These two NINJA proteins share 99% sequence similarity and hence are likely the same gene. Second, structural studies of the Arabidopsis MYC3 repression revealed that JAZ proteins compete with the transcriptional activator MEDIATOR25 in binding the (N)-terminal helix of MYC3 (37) .
Different environmental or developmental cues may induce various outputs of JA signaling. How a single hormone governs these multiple physiological processes is a major question in the field (38) . Increasingly, evidence is revealing that JA-downstream TFs mediate the specificity of JA responses. Examples include: the basic helix-loop-helix (bHLH) TF family in plant defense responses and freezing tolerance (19, (39) (40) (41) (42) (43) (44) ; MYB TFs in stamen development, anthocyanin biosynthesis, fiber and trichome initiation (45) (46) (47) ; YAB TF family in anthocyanin biosynthesis (48); APETALA2 (AP2) TFs in regulation flower time (22) ; and WRKY TFs in senescence (49) . Different JA-responsive TFs seem to be suppressed by particular JAZ proteins, suggesting that the diversity of JA responses could result from specific JAZ-TF interactions. Many studies have inferred redundant roles for JAZs in JA responses, but the functions of individual JAZ proteins remain poorly studied. Recently, a study that analyzed the expression patterns of Arabidopsis JAZs found a guard cell-specific AtJAZ2 to regulate the bacteria-secreted JA-Ile mimic, coronatine, which elicits stomatal reopening during bacteria invasion (50) .
Here, we compared the defensive compounds found in herbivore-induced leaves with those found in different floral stages in the ecological model plant, N. attenuata. We asked whether JA signaling is required for floral defense in addition to its established role in developmental regulation and floral advertisement. By RNA-seq, we investigated the tissue-expression profiles of all JAZ genes in N. attenuata. One JAZ gene, NaJAZi, is specifically and highly expressed in flower tissues, particularly during early developmental stages. We asked whether NaJAZi specifically regulates floral JA signaling and explored the function of NaJAZi by the analysis of protein-protein interactions and gene silencing. Our results demonstrate that some JA-dependent defenses constitutively accumulate in flowers and that a flower-specific sector of JA signaling regulates these floral defenses and is suppressed by a NaJAZi-NINJA-like-TOPLESS complex.
Results
Early-Stage Flowers Constitutively Accumulate High Levels of (E)-α-Bergamotene, Trypsin Proteinase Inhibitors, and JA-Ile. To examine whether developing flowers are well defended as predicted by OD theory, we compared six defense compounds in herbivoreelicited leaves and developing flowers in N. attenuata. These compounds have all been shown to play important roles in the defense of leaves, and all are induced in leaves by herbivore feeding (51) (52) (53) (54) (55) . Here we analyzed (E)-α-bergamotene emission 5 h after wounding and Manduca sexta regurgitant (W+R) treatment and the other compounds and proteins 3 d after W+R treatment in leaves, to detect maximum levels (56) . Nontreated leaves at each time point served as controls. Constitutive levels of the alkaloid, nicotine, and total 17-hydroxygeranyllinalool diterpene glycosides (HGL-DTGs) were lower at all floral stages than in rosette leaves ( Fig. 1 A and B) . Two phenylpropanoidpolyamine conjugates, caffeoyputrescine (CP) and dicaffeoylspermidine (DCS), showed similar basal levels among different tissues, except that the levels of CP were marginally higher in early floral stages than in other tissues (Fig. 1 C and D) . Remarkably, the sesquiterpene, (E)-α-bergamotene, and trypsin proteinase inhibitor (TPI) activity were found at substantially higher concentrations in floral tissues even compared with the high levels in herbivore-elicited leaves (Fig. 1 E and F) . These results suggest that unlike leaves, developing flowers of N. attenuata constitutively produce specific defensive compounds such as (E)-α-bergamotene and TPIs to protect themselves against attackers. To evaluate whether JA signaling regulates these defense compounds in leaves, we measured JAs in different tissues and treatments. Flowers constitutively accumulated high levels of JA and jasmonoylisoleucine (JA-Ile) compared with the levels found in leaves ( Fig. 1 G and H) . One hour after W+R elicitation, JA and JA-Ile levels are known to attain maximum values in leaves (56) . Remarkably, the levels of JA-Ile were 6.2-fold higher in floral stage 1 than in herbivore-elicited leaves and remained higher throughout floral development (Fig. 1H) . These results suggested that the high levels of (E)-α-bergamotene and TPIs in flowers might be associated with these high JA-Ile levels.
JA Signaling Is Involved in Floral Defense. Because JA-Ile is reported to be the main bioactive JA, we asked whether JA signaling regulates the constitutive defenses of flowers. Silencing of the allene oxide cyclase (AOC) gene by RNA interference (RNAi) in N. attenuata disrupts total JA biosynthesis (57) (SI Appendix, Fig.  S1 ) and silencing the F-box protein COI1 dramatically attenuates JA perception (18) ; these two lines were used to address this question and the above-mentioned defense compounds mentioned were quantified in the different floral stages of these JA-deficient lines. In contrast to transgenic empty vector (EV) control plants, the amounts of nicotine, total HGL-DTGs, CP, DCS, (E)-α-bergamotene, and TPI were all significantly lower in floral stages 1 and 3 of inverted repeat (ir)-aoc and ir-coi1 lines (Fig. 2) . When flowers opened (stage 5), the levels of CP, DCS, and TPI were also significantly reduced in ir-aoc and ir-coi1 lines compared with EV plants. Surprisingly, (E)-α-bergamotene accumulated to much higher levels in the opening stage flowers of ir-coi1 compared with those of ir-aoc and EV plants (Fig. 2E) . Because COI1 regulates the turnover of JA-Ile in leaves by negative feedback (58), the JA pool was also measured in flowers of ir-coi1 lines. The levels of JA-Ile (1.6-fold), OH-JA-Ile (4.0-fold), COOH-JA-Ile (8.1-fold), and JA-Val (2.3-fold) were higher in floral stage 5 of ir-coi1 lines than of EV plants (SI Appendix, Fig.  S1 B and D-F), suggesting that the biosynthesis of (E)-α-bergamotene in opening-stage flowers might be regulated by COI1-independent JA signaling.
Identification of a Flower-Specific JAZ. The expression of the JAZ genes in different tissues may reflect their function. By mining the previously published RNA-seq data (59), the expression profiles of all JAZ genes in N. attenuata were extracted. In total, 13 JAZs were found in the N. attenuata genome (SI Appendix, Fig. S2A ), and one, NaJAZi, was detected only in floral tissues, especially in the early developmental stage (Fig. 3A) . Phylogenetic analysis of JAZ proteins in six plant species revealed that NaJAZi belongs to the subgroup defined by AtJAZ7, AtJAZ8, and AtJAZ13 and is most closely related to the noncanonical AtJAZ13 (SI Appendix, Fig.  S2A ) (33, 34) . The expression profile of NaJAZi in different tissues was confirmed by RT-qPCR. NaJAZi transcripts accumulated in the early developmental stages of the gynoecium, corolla, and filament (Fig. 3B) . To determine whether JA signaling mediates the expression of NaJAZi in flowers, transcripts of NaJAZi were examined in JA-deficient lines. Relative to EV plants, NaJAZi transcripts were significantly lower in ir-aoc and ir-coi1 lines (Fig. 3C) .
Like other JAZ proteins, NaJAZi protein was determined to be localized in the nucleus (SI Appendix, Fig. S3A ) where transcriptional suppression occurs. Moreover, JAZi has both an N-terminal TIFY domain and a C-terminal Jas domain (SI Appendix, Fig.  S2B ). The TIFY domain contributes to JAZ homo-and heterodimerization and the recruitment of the corepressor (38) . To test the dimerization of NaJAZi, yeast two-hybrid (Y2H) assays were performed. In contrast to NaJAZb, a typical JAZ in N. attenuata, which forms homo-and heterodimers with itself and other JAZs, NaJAZi did not display any such interactions (SI Appendix, Fig. S3  B-D) . The Gly (G) in the TIFY domain is important for JAZ dimerization: if it is substituted to Ala (A), the JAZ dimerization will be abolished (29) . The TIFY domain of JAZi is a Gly-to-Ala mutant, which is consistent with the findings that JAZi cannot interact with other JAZs (SI Appendix, Fig. S2B ). The Jas domain is involved in the turnover of JAZ proteins and their interactions with TFs (e.g., MYC2) (38) . Interestingly, the Jas domain of NaJAZi lacks a canonical degron that may affect its interactions with COI1 in the presence of bioactive JAs (SI Appendix, Fig.  S2B ). Relative to NaJAZb, NaJAZi has lost the ability to interact with NaCOI1 in the present of JA-Ile or coronatine in yeast (Fig.  3D and SI Appendix, Fig. S4A ). To determine whether JAZi is involved in COI1-dependent degradation, an in vitro degradation assay was performed. Both recombinant HIS-JAZb and HIS-JAZi proteins were rapidly degraded after incubation with crude protein from the early floral stage of EV plants, but not with crude protein treated with the proteasome inhibitor, MG132 (Fig. 3E and SI Appendix, Fig. S4 B and C) . Furthermore, HIS-JAZi protein was degraded more slowly after incubation with the crude protein extract from ir-coi1 than from EV plants, suggesting that the degradation of JAZi is partly COI1 dependent. MYC2 has been identified as a "master" regulator of plant secondary metabolism and defense responses in many species (60) . N. attenuata has two MYC2s, which are named MYC2a and MYC2b here. The conserved helix structure in the Jas domain allows NaJAZi to bind with NaMYC2a and NaMYC2b in N. attenuata (Fig. 3F and SI Appendix, Fig. S2B ).
Silencing of NaJAZi Increases JA Accumulations and Up-Regulates JA-Responsive Genes in Flowers. The expression of JAZ genes is usually rapidly induced in leaves by mechanical wounding or herbivore feeding (56, 61) . NaJAZi transcripts were dramatically increased 1.5 h after wounding or W+R treatments (SI Appendix, Fig. S5A ), but were not changed 25 h after W+R treatments (Fig. 3A) . To clarify the function of NaJAZi in leaves and flowers, the expression , (E)-α-bergamotene (E), trypsin proteinase inhibitor (TPI) activity (F), JA (G), and JA-Ile (H) levels (±SE, n = 6-8) in leaves and flowers of wild-type plants. Nontreated leaves were used as control; for JA and JA-Ile measurements, leaves 1 h after wounding and treatment with M. sexta regurgitant (W+R) were used as treated; for (E)-α-bergamotene analysis, leaves 5 h after W+R treatment were used as treated; for other compounds and protein analysis, leaves 3 d after W+R treatment were used as treated; corollas emerged 0.5 cm from calyx were used as stage 1; corollas fully elongated but closed were used as stage 3; corollas opened were used as stage 5. Letters indicate significant differences among different treatments and tissues (P < 0.05, Duncan's multiple range test).
of the NaJAZi gene was silenced by virus-induced gene silencing (VIGS). JAZi VIGS plants showed the same growth phenotype as the VIGS control plants in the rosette stage, but were smaller at the flowering stage. Flower morphology was not affected by NaJAZi silencing (SI Appendix, Fig. S5B ).
First, the role of JAZi in leaves was investigated. The expression of NaJAZi was reduced more than 80% in leaves of JAZi VIGS plants compared with levels in control plants 1 h after W+R treatments (SI Appendix, Fig. S5C ). To determine whether JA responses in leaves were altered, M. sexta-induced JAs and defense-related secondary metabolite levels were measured. JA and JA-Ile levels did not differ between JAZi VIGS plants and control plants after 1 h W+R treatments (SI Appendix, Fig. S5 D and E). Moreover, nicotine, total DTGs, and phenylpropanoidpolyamine conjugate levels were not altered by JAZi silencing (SI Appendix, Fig. S5 F-I ). M. sexta larvae fed on JAZi VIGS plants gained a similar amount of mass compared with those that fed on control plants, suggesting that NaJAZi either did not affect JA responses in leaves or played redundant roles with other JAZs (SI Appendix, Fig. S5J) .
Next, the function of NaJAZi in flowers was studied. Relative to control plants, NaJAZi transcripts decreased 70% on average in different floral stages of JAZi VIGS plants (Fig. 4A) . Moreover, JAZi VIGS plants accumulated higher JA and JA-Ile levels than did control plants (Fig. 4 B and C) . To evaluate the possibility of cosilencing effects, the expression of other flowerexpressed JAZs was examined. Two JAZs, NaJAZd (1.6-fold) and NaJAZh (1.6-fold), were up-regulated in early floral stages of NaJAZi-silencing plants, whereas others showed no significant difference (SI Appendix, Fig. S6 ). Increased transcripts of NaJAZd and NaJAZh in NaJAZi-silenced plants may result from the high JAs levels in their flowers.
To determine whether NaJAZi silencing and the resulting changes in JAs would reprogram the expression of genes in flowers, microarray assays were conducted using samples from two floral stages (stages 1 and 3). Signals were considered to represent differential gene expression if there was at least a 1.5-fold change and the adjusted P value was less than 0.05. In total, 108 genes differed significantly between JAZi VIGS plants and VIGS control plants, 94 of which were up-regulated by NaJAZi silencing (SI Appendix, Fig. S7A ). The expression of five selected genes in different floral stages was further confirmed by RT-qPCR and showed similar results as in the microarray data (SI Appendix, Fig.  S7 B-F). Consistent with the observed increased JA levels in JAZi VIGS plants, many JA biosynthesis genes were found up-regulated, such as lipoxygenase (LOX5), allene oxide synthase (AOS), and amidohydrolases (ILL6 and IAR3) ( Fig. 4D and SI Appendix, Fig. S7A ). Remarkably, genes involved in terpene biosynthesis (TPSs), phenylpropanoid-polyamine conjugate biosynthesis (MYB8 and DH29), and proteinase inhibitor genes (PIs) were also all up-regulated in NaJAZi-silenced plants ( Fig. 4D and SI Appendix, Fig. S7A ).
Furthermore, two defensin genes (DEFs) showed increased transcript accumulations in JAZi VIGS plants compared with control plants (SI Appendix, Fig. S7 E and F) . Plant defensins are small, cysteine-rich proteins with antimicrobial activity. Floral defensins were first identified in Nicotiana alata and Petunia plants and are thought to have antifungal activity in vitro (62, 63) . The regulation of floral defensin remains unclear. Based on the transcriptional changes of defensin genes in NaJAZi-silencing plants, floral defensin might also be controlled by JA signaling. The transcriptome data suggested that JAZi mainly regulated defense responses in flowers.
Silencing of NaJAZi Increases Floral (E)-α-Bergamotene, TPI, Defensin Levels, and Resistance to Tobacco Budworm. To further evaluate whether floral defense was regulated by NaJAZi expression, the floral defense compounds were quantified based on the above microarray analysis. Consistent with high expression of TPS and PI genes, the levels of (E)-α-bergamotene and TPI activity were significantly increased in the early floral stages of NaJAZi-silencing plants compared with those of control plants (Fig. 5 A and B) , but no differences were observed in the fully opened flowers (stage 5). Although NaMYB8, the key regulator of phenylpropanoidpolyamine conjugate biosynthesis, was up-regulated in NaJAZisilencing plants, only CP levels, but not DCS, showed mild increases in early floral stages of JAZi VIGS plants (Fig. 5C ). Moreover, nicotine and total HGL-DTGs levels were not changed by NaJAZi silencing (SI Appendix, Fig. S8 ). To evaluate whether floral defensins were also regulated by JAZi-mediated JA signaling, the protein levels of defensins were quantified in JA-deficient lines and NaJAZi-silenced plants. Relative to EV plants, defensin protein levels were significantly attenuated in flowers of the JAdeficient lines (Fig. 5D and SI Appendix, Fig. S9A) . Consistent with the expression of defensin genes in NaJAZi-silencing plants (SI Appendix, Fig. S7 E and F) , defensin protein levels were elevated in each floral stage of NaJAZi-silencing plants compared with those of control plants (Fig. 5E and SI Appendix, Fig. S9B ). Structural studies of the N. alata floral defensin NaD1 indicated that it contains an α-amylase inhibitory activity region that was similar to the one found in VrD1, an insecticidal defensin in Vigna radiata (64, 65) . Because N. alata NaD1 has high sequence similarity with NaDEF1 (80%) and NaDEF2 (100%), we inferred that these floral defensins in N. attenuata might also have insecticidal properties (SI Appendix, Fig. S10A ). NaDEF2 ectopic overexpression lines of N. attenuata (OvDEF2) have been previously characterized (66) and these accumulate high levels of the DEF2 peptide in their leaves. To evaluate the insecticidal activity of NaDEF2, the performance of M. sexta larvae was quantified on leaves of OvDEF2 plants. Two independent plant lines, C230 and F278, which each harbored single T-DNA insertion, were used (SI Appendix, Fig. S10B ). M. sexta larvae gained significantly less mass when feeding on OvDEF2 lines than on wild-type plants (SI Appendix, Fig. S10 C and D) .
To determine whether the increased levels of defenses in NaJAZi-silenced flowers influenced the resistance of flowers to herbivores, the performance of larvae of the tobacco budworm (Heliothis virescens), a florivore known to prefer nicotine-deficient N. attenuata flowers in N. attenuata's natural habitat (67) , was evaluated (Fig. 5F ). Tobacco budworm larvae gained less mass when feeding on JAZi VIGS plants than on control plants (Fig.  5G) , demonstrating that silencing of NaJAZi had enhanced the resistance of flowers to tobacco budworms.
To evaluate whether other JAZs also contribute to floral defense, the function of JAZj, which showed high expression levels in flowers similar to those of JAZi, was examined using VIGS (SI Appendix, Fig. S11 A and B and Table S1 ). The expression of DEF1 and TPS38 was not different between JAZj VIGS plants and control plants (SI Appendix, The interaction between MYC2s and JAZi suggested JAZi-mediated floral JA responses might function directly through the suppression of MYC2s (Fig. 3F) . To determine which floral JA responses were regulated by JAZi-MYC2s, the function of floral MYC2s was investigated by VIGS. To simultaneously silence both MYC2a and MYC2b genes, the specific fragment of MYC2a and MYC2b were ligated and used for VIGS. The transcripts of MYC2a and MYC2b were significantly decreased in MYC2 VIGS plants compared with those of VIGS control plants (Fig. 6 A and B) . To determine whether MYC2s could regulate JA biosynthesis in a feedback loop, JA and JA-Ile levels were measured. JA contents were reduced by 26.4% in the early floral stage of MYC2 VIGS plants, but not in the late floral stages (Fig. 6C) . However, the levels of bioactive JA-Ile were not changed by MYC2s silencing (Fig. 6D) . Next, JAZi-mediated (E)-α-bergamotene, TPI, and defensin levels were examined in MYC2 VIGS plants. The TPI activity, (E)-α-bergamotene, and defensin levels were all significantly decreased by MYC2 silencing (Fig. 6 E-G and SI Appendix, Fig. S9C ).
NaJAZi Physically Interacts with NaNINJA-Like but Not NaNINJA. To elucidate the molecular mechanism of the suppression of floral JA responses by NaJAZi, the corepressors of NaJAZi were studied. In Arabidopsis, most JAZs require the adaptor protein, NINJA, to recruit the corepressor TOPLESS (35) . The ortholog of Arabidopsis NINJA was identified in N. attenuata: NaNINJA. The interactions among the NaJAZs and NaNINJA were evaluated by Y2H assays. All of NaJAZs in N. attenuata, except for NaJAZi, could bind to NaNINJA (Fig. 7 A and B) . The interaction between NaJAZg/NaNINJA or NaJAZj/NaNINJA was only observed when NaJAZg was fused with the activation domain (AD) (Fig. 7A) and NaJAZj was fused with the binding domain (BD) (Fig. 7B) , suggesting that the activity of these JAZ proteins in yeast was affected by the fused proteins. Some JAZs containing EAR motifs are known to directly interact with TOPLESS in the absence of NINJA (33, 34) ; however, examination of the JAZi sequence revealed no typical EAR motifs (SI Appendix, Fig. S2B ). To evaluate whether NaJAZi could directly bind to TOPLESS, the interactions among the different NaJAZs and NaTOPLESS was studied with Y2H assays. NaNINJA interacted with NaTOPLESS; however, no interactions were found among the different NaJAZs and NaTOPLESS (Fig. 7 B and C) . By screening the N. attenuata genome, we found another gene, NaNINJA-like, which showed similarity with NaNINJA and AtNINJA, but not with other ABI-FIVE BINDING PROTEIN (AFP) genes (Fig. 7E and SI Appendix, Fig. S12 ). The interactions among the different NaJAZs and NaNINJA-like were then examined. Interestingly, NaNINJAlike could interact with NaJAZi and NaJAZm and weakly interacted with NaJAZk, NaJAZl, NaJAZg, and NaJAZj (Fig. 7D) . Moreover, NaNINJA-like could also bind to TOPLESS in the Y2H assays. To confirm the interaction between NaJAZi and NaNINJA-like, in vitro pull-down assays and in vivo coimmunoprecipitation (CO-IP) assays were performed. MBP-HIS-JAZi was pulled down by GST-NINJA-like, whereas no signal was observed when GST-NINJA-like was replaced by GST or MBP-HIS-JAZi was replaced with MBP-HIS, indicating a specific NaJAZi interaction with NaNINJA-like in vitro (Fig. 7F) . The interaction of NaJAZi and NaNINJA-like in vivo was tested using transient expression assays in Nicotiana benthamiana leaves. Indeed, YFP-NINJA-like but not YFP was coimmunoprecipited along with JAZi-myc (Fig. 7G) .
NaNINJA-Like Is Involved in Floral JA Signaling. Expression profile analysis revealed that NaNINJA-like transcripts accumulated to levels that were fivefold higher in flower tissues than in other tissues (Fig. 8A) . In contrast, the expression of NaNINJA showed no strong tissue-specific pattern (SI Appendix , Fig. S13 ). Consistent with the subcellular localization of NaJAZi, NaNINJA-like was also localized to the nucleus (Fig. 8B) . Therefore, the formation of the JAZi-NINJA-like-TOPLESS complex suggested that NaNINJA-like might be involved in the suppressive function of NaJAZi in flowers. To address this hypothesis, the function of NaNINJA-like was investigated by gene silencing. The expression of NaNINJA-like was reduced by 45% in NaNINJA-like VIGS plants compared with that of control plants (Fig. 8C) . The expression of several NaJAZi-mediated defense-related genes was further determined in NaNINJA-like VIGS plants. As expected, the transcripts of NaTPS38, NaDEF1, and NaMYB8 were all significantly increased in the early floral stages of NaNINJA-like VIGS plants compared with those of control plants (Fig. 8 D-F) . Moreover, the levels of (E)-α-bergamotene and TPI activity were higher in the early floral stages of NINJA-like VIGS plants than that in VIGS control plants (Fig. 8 G and H) .
Discussion
Flowers are directly required for reproduction in flowering plants, and especially in annual plants, and hence are among the most valuable tissues in terms of their contribution to Darwinian fitness. OD theory predicts that defense allocation in tissues is determined by their contribution to fitness and their probability of being attacked. Relative to defense responses in leaves, stems, and root, floral defense is rarely investigated. In nature, flowers are also attacked by pathogens and florivores. Here, we compared the defenses in different floral stages with the herbivore-induced defenses in leaves. This comparison could allow us to infer which defense compounds are involved in floral protection at specific stages. Flowers of the wild tobacco N. attenuata accumulate extremely high levels of (E)-α-bergamotene and TPI activity as part of the putative "floral arsenal" and these accumulations are most pronounced early in floral development. Like the inducible defenses of leaves, these constitutive defenses in flowers are also regulated by JA signaling but by a different sector of JA signaling than that which regulates defenses in leaves. Here we show that a single JAZ, JAZi, and its specific binding partner, NINJA-like, defined the particular sector of JA signaling that mediates the protection of this plant part that contributes so significantly to Darwinian fitness.
Nicotine, HGL-DTGs, and phenolamides are the most abundant secondary metabolites in the leaves of N. attenuata. However, in flowers their levels are relatively low, and in the case of nicotine, their concentrations change between day and night (68) , and in nectar, nicotine occurs at highly variable and unpredictable concentrations that function to increase the outcrossing behavior of hummingbird pollinators (69) . Given that high nicotine levels in flowers repel pollinators in N. attenuata (70), we speculate that high levels of HGL-DTGs or phenolamides in flowers might have similar effects. Other defense compounds like TPI accumulate in larger amounts in flowers than in leaves. In the flowers of tomato (Lycopersicon esculentum), similarly high levels of TPI were observed (14) . These TPIs could inhibit gut proteinases of herbivores and might help to defend against florivores. The accumulation of defensin proteins in N. attenuata flowers is similar to the levels reported from N. alata and Petunia flowers (62) . The antifungal activity of N. alata defensin has been established (63) and because insect-vectored pollination is known to increase the possibility of pathogen infection, the floral defensins of N. attenuata might function in pathogen resistance. When ectopically expressing NaDEF2 in N. attenuata plants, leaves became more resistant to attack from M. sexta larvae; therefore, we infer that floral defensins in N. attenuata contribute to the defense of flowers against florivores.
The sesquiterpene, (E)-α-bergamotene, has been shown to function as an indirect defense in N. attenuata that attracts predators of M. sexta, and its production is inducibly expressed in leaves (55) . We found that the flowers of N. attenuata constitutively accumulate (E)-α-bergamotene, at levels that were 10 times higher in early floral stages than in herbivore-elicited leaves (Fig. 1E) . Although floral (E)-α-bergamotene is unlikely to function as an indirect defense as it does in leaves, it plays a role in attracting and guiding the behavior of pollinators in N. attenuata (70, 71) . Interestingly, (E)-α-bergamotene also has been shown to have a repellent role against a nectar thief (Solenopsis xyloni ants) (70) . Given that (E)-α-bergamotene is largely produced in the corolla tube (71) , it might also have a defensive function in repelling other nectar robbers, such as carpenter bees (Xylocopa spp.), which commonly rob the nectar of flowers in N. attenuata's natural habitat (67) . Additional experimental work involving the release of plants silenced/overexpressing the biosynthesis genes of these putative defenses into the plant's natural habitat are required before these compounds can be rigorously considered to be defenses.
Here we demonstrated that JA signaling regulates these constitutive defenses in flowers. The regulation of JA signaling differs across tissues. In leaves, JA signaling mainly regulates inducible defense (18) . In the flowers of ir-coi1 plants, nicotine levels were 30-40% lower, whereas in leaves, they were 50% lower. For total HGL-DTGs, CP and TPI, the reductions were 16-60% in flowers but more than 80% in leaves of ir-coi1 plants (18) . Therefore, other signaling systems in addition to JA might be involved in the regulation of the constitutive defenses of flowers. In leaves or stems of N. attenuata, ABA, ethylene, and IAA signaling have been shown to be involved in defense responses (72) (73) (74) .
JA-Ile occurs at much higher levels in flowers in different developmental stages than it does in herbivore-induced leaves, and remarkably, the amount of floral JA-Ile is greater than that of JA. JA-Ile has been shown to play an important role in corolla limb opening, floral attraction, and regulating primary metabolites in the opening flowers of N. attenuata (20) . JA-Ile is thought to be the main bioactive JA, and levels of (E)-α-bergamotene, TPI, and defensin in flowers versus leaves are well correlated with the levels of JA-Ile. This correlation held in AOC-and JAZi-silenced plants. Levels of JA-Ile and (E)-α-bergamotene, TPI, and defensin were lower in ir-aoc compared with EV plants, whereas the levels of all these compounds were higher in JAZi VIGS plants compared with those of control plants. Thus, from these results one could infer that the high levels of JA-Ile serve as a ligand to promote the turnover of JAZi. However, JAZi and COI1 do not interact in Mean transcripts levels (±SE, n = 7) of NaNINJAlike (C), NaTPS38 (D), NaDEF1 (E), and NaMYB8 (F) in the flowers of VIGS control and NINJA-like VIGS plants. Transcripts levels were analyzed by RT-qPCR. Mean trypsin proteinase inhibitor (TPI) activity (±SE, n = 5) (G), and (E)-α-bergamotene levels (±SE, n = 6) (H) in early floral stage of VIGS control and NINJAlike VIGS plants. Asterisks indicate significant differences in NINJA-like VIGS plants compared with control plants (*P < 0.05; **P < 0.01; Student's t test).
yeast in the presence of 300-2,400 μM JA-Ile or 50-400 μM coronatine. One explanation could be that the yeast system is not sufficiently sensitive to detect the interaction between JAZi and COI1. In Arabidopsis, the binding of JAZ8 to COI is coronatine dose dependent (33) and the flowers of N. attenuata can supply relatively high concentrations of JA-Ile. The results of our in vitro degradation assays suggested that the degradation of JAZi involved the 26S proteasome pathway and was somehow COI1-dependent, although the effect of COI1 is mild. Another possibility is that JAZi like other noncanonical and stable JAZs (e. g., AtJAZ8 and AtJAZ13), functions to restrain JA responses from running out of control (33, 34) . The overproduction of defensive compounds in flowers could have many detrimental consequences for flower function, not only in terms of reducing outcrossing, but also in the inhibition of growth.
Combined with the results of previous studies (20), we can compile a detailed picture of the outputs of JA signaling in N. attenuata flowers. First, flower development, such as corolla expansion, stamen, and gynoecium maturation, is regulated by canonical JA signaling. Second, two floral traits, benzylacetone emission and nectar production important for pollinator attraction (75) , are also controlled by canonical JA signaling. Third, floral defense is regulated by a specific sector of JA signaling: JAZi-MYC2-mediated regulation of defensive compounds that include (E)-α-bergamotene, TPI, and defensin (Figs. 5 and 6). Moreover, JAZi-dependent feedback also regulates JA levels. We hypothesize that JAZi silencing might activate downstream TFs, which in turn modulate the biosynthesis of JAs. In Arabidopsis, two auxin response TFs, ARF6 and ARF8, redundantly regulate JA biosynthesis in flower buds (76) . The orthologs of ARF6 and ARF8 in N. attenuata are also potential targets of JAZi. Other defense compounds like nicotine might be redundantly regulated by floral-expressed JAZs. However, we still do not know whether JAZi regulates other JA responses other than the defense responses of flowers. Given that increasing JA levels in flowers does not affect flower development or the expression of pollinator attraction traits (20) , we infer that the silencing of NaJAZi would not be a useful approach to investigate other JA signaling outputs and that experimental approaches using JAZi overexpression are likely to be more informative.
By investigating the suppressive function of JAZi, we identified a NINJA-like protein in N. attenuata. JAZi physically interacts with NINJA-like and subsequently recruits the corepressor TOPLESS. Silencing of NINJA-like in flowers of N. attenuata increased the expression of JAZi-mediated JA responsive genes, indicating that NINJA-like is involved in the suppressive function of JAZi. The phenotype of NINJA-like silencing is not as strong as that of JAZi silencing. This may result from the lower silencing efficiency of NINJA-like in this study or the influence of other suppressive mechanisms (37) . In addition to the specific interactions between JAZi and NINJA-like, we found that JAZl and JAZm can both bind to NINJA and NINJA-like; whereas the other 10 JAZs identified in N. attenuata could only bind to NINJA (Fig. 7 B and D) . The existence of the JAZ-NINJA or JAZ-NINJA-like complex in N. attenuata might enrich the diversity of JA signaling. The discovery of these NINJAs provides valuable tools for the exploration of other sectors of JA signaling. Both JAZi and NINJA-like are highly expressed in flowers; moreover, JAZi specifically interacts with NINJA-like, suggesting that NINJA-like probably coevolved with JAZi in N. attenuata.
This study comprehensively reveals the defensive function of JA signaling in developing flowers and provides insights into the diversity and specificity of JA signaling in plants. Given 
Materials and Methods
Plant Material and Growth Conditions. The 31st inbred generation of N. attenuata derived from seeds collected at the Desert Inn Ranch in Utah in 1988 was used as the wild type. Transgenic N. attenuata plants silenced in the JA biosynthesis gene AOC (ir-aoc, A-07-457-1) and JA receptor COI1 (ircoi1, A-04-249-A-1) were obtained and screened as previously described (18, 57) . EV transformed plants were used as transgenic control plants (67) . N. attenuata plants overexpressing NaDEF2 were screened as previously described (66) . The single insertion lines A-09-230 (C 230) and A-09-278 (F 278) were used in this study. Wild-type N. benthamiana plants were used for CO-IP experiments. All of the seeds were geminated on Gamborg B5 medium as described (77) . Plants for VIGS experiments and transient expression were grown in climate chambers at 20-22°C under 16 h light. Otherwise, all plants were grown in the glasshouse with a day/light cycle of 16 h (26-28°C)/8 h (22-24°C) under supplemental light.
Plant Treatments and Sample Collections. For wounding (W+H 2 O) treatments, leaves from rosette-stage plants were wounded with a pattern wheel, and 20 μL of distilled water was rubbed into the puncture wounds with a cleaned gloved finger; for M. sexta regurgitant (W+R) treatments, 20 μL of regurgitant (one-fifth diluted in distilled water) was rubbed into wounds in the same manner. Five to seven plants for each treatment were used and samples were collected at the time points indicated in Results. Flower sample collection was based on standardized developmental stages (see details in Fig. 3B ). For JAs, TPI and secondary metabolites, different floral stages were harvested from three plants and pooled as one biological replicate and in total, five replicates were used. For gene expression analyses, floral tissues in different stages from 20 plants were harvest and pooled as one biological replicate and in total, three replicates were used.
Insect Performance Assay. M. sexta and H. virescens were obtained from inhouse colonies at the Max Planck Institute for Chemical Ecology. One freshly hatched M. sexta larva was allowed to feed on each individual plant. Thirty plants of VIGS control and JAZi VIGS plants were used. Larva mass was recorded on days 9, 13, and 16. For M. sexta larvae performance on ovNaDEF2 lines and WT plants, initially 20 plants of each line were used and larva mass was recorded on days 3, 6, 9, 11, and 13. For H. virescens, a weighed secondinstar larva was used, and larva mass was recorded on days 6 and 8. The increased percentage of larval mass on each plant was calculated.
VIGS. Leaves of young N. attenuata plants were agroinfiltrated with pBIN-TRA and pTV-JAZi or pTV-JAZj or pTV-MYC2 or pTV-NINJA-like according to a published protocol optimized for VIGS in N. attenuata (78) . Plants coinfiltrated with pBINTRA and pTV00 were used as control. All VIGS experiments were repeated at least two times.
Microarray Analysis. RNA isolated from floral stages 1 and 3 was used for microarray analysis. The 44K 60-mer oligonucleotide microarrays designed for N. attenuata transcriptome analysis (Agilent) were used. cDNA preparation, hybridizations, and data analysis were performed as previously described (79) . Probes were filtered by 1.5-fold change and adjusted P values are less than 0.05. Y2H Assay. Y2H was performed using Matchmaker Gold Yeast Two-Hybrid System (Clontech) according to the manufacturer's manual. Indicated AD and BD control or fusion constructs were cotransformed into yeast strain Y2Hgold and plated on SD −Leu/−Trp selective dropout medium. The transformations grew on QDO (SD −Ade/−His/−Leu/−Trp) plates in the present of 40 mg/L X-α-gal at 30°C. For COI1-JAZ transformations, the plate was additionally supplemented with 50-400 μM coronatine or 300-2,400 μM JA-Ile. The plate was photographed 5-7 d after incubation.
JA Analysis. Approximately 50 mg material was used for JA analysis. Samples from JA-deficient lines and EV plants were extracted as previously described (80) . For other samples, 800 μL ethylacetate containing the internal standards (10 ng D4-ABA, 10 ng D6-JA, 10 ng D6-JA-Ile, and 10 ng D6-SA) was added and mixed using a Genogrinder (SPEX Certi Prep) at a frequency of 1,000 strokes per minute for 1 min. The extractions were centrifuged at 13,200 rpm at 4°C for 20 min. The supernatant was transferred to a new vial and evaporated at 45°C under a constant nitrogen stream until dryness. The extracts were dissolved in 300 μL 70% MeOH. All samples were analyzed by UHPLC-HESI-MS/MS as previously described (78) .
Volatile Analysis. The emission of (E)-α-bergamotene from leaves and flowers was sampled using polydimethylsiloxane (PDMS) (Roth) tubes as described (81) . A new fully expanded leaf was treated by W+R for 5 h and immediately enclosed into a 650-mL ventilated PET container with one PDMS tube. After 1 h of exposure, PDMS tubes were collected. For floral volatile experiments, flowers were excised and placed into a 15-mL glass vial (Sigma) with one PDMS tube at the bottom. After 1 h trapping, the PDMS tube was collected. The volatiles were analyzed by TD-20 thermal desorption unit (Shimazu) connected to a gas chromatograph quadruple mass spectrometer (GC-MSQP2010Ultra, Shimazu). Four flowers from stage 1 or two flowers from stages 3 and 5 were used for one trapping; in total eight replicates were performed for each experiment.
TPI Analysis. Approximately 100 mg of material was homogenized with 300 μL of cold extraction buffer (0.1 M Tris-C1, pH 7.6, 5% polyvinylpolypyrrolidone, 2 mg/ mL phenylthiourea, 5 mg/mL diethyldithiocarbamate, 0.05 M Na2EDTA). TPI activity was measured using a radial diffusion assay as described previously (82) .
Analysis of Secondary Metabolites by HPLC. Approximately 50 mg of material was extracted using 800 μL 80% MeOH and extracts were analyzed by an ESI-TOF mass spectrometer (Bruker Daltonic) as previously described (83).
Defensin Analysis. Flower material was ground and homogenized with an extraction buffer (0.1 M Tris-C1, pH 7.6; 5% polyvinylpolypyrrolidone, 2 mg/ mL phenylthiourea, 5 mg/mL diethyldithiocarbamate, 0.05 M Na 2 EDTA). A total of 30 μg of total protein was used for SDS/PAGE analysis. After electrophoresis, the gels were stained with Coomassie Brilliant Blue or subjected to immunoblot analysis using an anti-defensin antibody. Antibody with specificity to flowers DEF1 and DEF2 was generated by immunizing rabbits with the peptide GRCSKILRR and purified by the GenScript.
Quantitative RT-PCR. Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen), and 800 ng of total RNA for each sample was reverse transcribed using the PrimeScript RT-qPCR Kit (TaKaRa). Three to eight independent biological samples were collected and analyzed. RT-qPCR was performed on the Stratagene 500 MX3005P using a SYBR Green reaction mix (Eurogentec). The primers used for mRNA detection of target genes by RT-qPCR are listed in SI Appendix, Table S2 . The N. attenuata IF5a-2 mRNA were used as internal control.
Constructs. Full-length ORFs encoding JAZa-m, MYC2a, MYC2b, COI1, NINJA, NINJA like, and TOPLESS without a stop codon were amplified by PCR using Pfu DNA polymerase (Thermo Scientific) with primers listed in SI Appendix, Table  S2 . For Y2H assays, each JAZ, NINJA, and COI1 were cloned into pGBKT7 to generate BD fused constructs; each JAZ, NINJA, NINJA-like, MYC2a, MYC2b, and TOPLESS were cloned into pGADT7 to generate AD fused genes. For transient expression experiments, JAZi was cloned into pBA-YFP and pEarleyGate 203 to generate C-terminal YFP fused and C-terminal myc fused gene, respectively; NINJA-like was cloned into pEarleyGate 104 to generate N-terminal YFP fused gene. Constructs were transformed into Agrobacterium tumefaciens GV3101. For prokaryotic expression, JAZi and NINJA-like were cloned into pDEST-N112-MBP and pDEST15 to generate HIS-MBP and GST fused gene, respectively. Constructs were transformed into Escherichia coli BL21 (DE3). For VIGS experiments, ∼300-bp mRNA sequences of JAZi, JAZj, MYC2a, MYC2b, and NINJA-like were amplified by PCR using Pfu DNA polymerase (Thermo Scientific) with primers listed in SI Appendix, Table S2 . Fragments of NaMYC2a and NaMYC2b were ligated by another round of PCR using the forward primer of MYC2a and reverse primer of MYC2b. The DNA fragments were cloned into pTV00 and transformed into A. tumefaciens GV3101. Subcellular Localization. Agrobacterium containing 35S: JAZi-YFP or 35S: YFP or 35S: YFP-NINJA-like construct was infiltrated into N. attenuata leaves. Two days after incubation, fluorescence was analyzed by confocal microscopy.
Purification of Recombinant Protein. The overnight culture containing HIS-MBP-JAZi and GST-NINJA-like constructs were transferred to 500 mL LuriaBertani (LB) medium with 100 mg/L amplicillin and incubated to OD 600 0.5 at 37°C. The expression was induced by adding 0.4 mM isopropyl-β-thiogalactopyranoside (IPTG) for an additional 3 h at 37°C. HIS-tagged protein was purified using Ni-NTA agarose (Qiagen) according to manufacturer's instructions. GST-tagged protein was purified using glutathione Sepharose 4B (GE Healthcare) according to manufacturer's instructions.
In Vitro Pull-Down Assay. Pull-down assays were performed as described previously (84); 2 μg of GST-tagged NINJA-like and 2 μg of HIS-MBP-tagged JAZi were used. The samples were analyzed by SDS/PAGE. After electrophoresis, the gels were stained with Coomassie Brilliant Blue or subjected to immunoblot analysis using anti-HIS antibody.
In Vitro JAZ Degradation Assay. HIS-JAZb and HIS-JAZi degradation assays were performed as described (85) . Flowers in the early floral stage of each genotype were used for crude protein extraction. The incubation was conducted at room temperature.
Co-Immunoprecipitation Assay. N. benthamiana leaves were coinfiltrated with Agrobacterium containing genes encoding JAZi-myc/YFP-NINJA-like, or JAZi-myc/YFP. Leaves were harvested after a 48-h incubation at 25°C. Total proteins of 5-g leaf samples were extracted in 2.5 mL lysis buffer [150 μM NaCl, 10% glyceol, 1 mM EDTA, 50 mM Tris·HCl (PH 7.5), 0.5% Nonidet P-40, 2 mM DTT, 1 mM PMSF and a protease inhibitor mixture]. A total of 250 μL GFP-Trap_A beads (Chromotek) was added into the extraction and incubated at 4°C for 3 h. After being washed three times by a washing buffer [150 μM NaCl, 1 mM EDTA, 50 mM Tris·HCl (PH 7.5), 0.5% Nonidet P-40], the beads were suspended in 50 μL 2× SDS loading buffer and heated at 95°C for 5 min. A total of 20 μL of immunoprecipitant was separated by SDS/PAGE and immunoblotted using anti-myc antibody.
Additional Accession Numbers. The other gene accession numbers not originating from our research and paper can be found in SI Appendix, Table S3 . Heatmap shows up-and down-regulated genes in JAZi-silencing flowers. The color gradient refers to relative signal abundance. Mean transcript levels (±SE, n=5) of NaTPS38 (B), NaPI (C), NaMYB8 (D), NaDEF1 (E) and NaDEF2 (F) in flowers of VIGS control and JAZi VIGS plants. Transcripts levels were analyzed by RT-qPCR.
Supporting Information Appendix
Asterisks indicate significant differences in JAZi VIGS plants compared with control plants (**, p < 0.01; Student's t-test). AD-NaJAZa-F GCCAGCATATGATGGCATCATCGGAGATTGT Y2H
AD-NaJAZa-R TCCATCCCGGGTGGACGAATTGAATACCTACAC Y2H
AD-NaJAZc-F TCAGTCCCGGGTATGGAGAGAGATTTTATGGG Y2H
AD-NaJAZc-R TCAATCTCGAGCGGTCTCCTTACCGGCTATCA Y2H
NtJAZ7b

N. tabacum KC246557
NtJAZ8
N. tabacum KC246558
NtJAZ9
N. tabacum KC246559
NtJAZ10
N. tabacum KC246560
NtJAZ11a
N. tabacum KC246561
NtJAZ11b
N. tabacum KC246562
NtJAZ12a
N. tabacum KC246563
NtJAZ12b
N. tabacum KC246564
VvJAZ1
Vitis vinfera XM-002284819
VvJAZ2
Vitis vinfera XM-002262714
VvJAZ3
Vitis vinfera XM-003634778
VvJAZ4
Vitis vinfera XM-002272327
VvJAZ5
Vitis vinfera XM-002277733
VvJAZ6
Vitis vinfera XM-002277769
VvJAZ7
Vitis vinfera XM-002277916
VvJAZ8
Vitis vinfera CBI30922
VvJAZ9
Vitis vinfera XM-002277121
VvJAZ10
Vitis vinfera XM-002263220
VvJAZ11
Vitis vinfera XM-002282652
SlJAZ1
Solanum lycopersicum Solyc07g042170
SlJAZ2
Solanum lycopersicum Solyc12g009220
SlJAZ3
Solanum lycopersicum Solyc03g122190
SlJAZ4
Solanum lycopersicum Solyc12g049400
SlJAZ5
Solanum lycopersicum Solyc03g118540
SlJAZ6
Solanum lycopersicum Solyc01g005440
SlJAZ7
Solanum lycopersicum Solyc11g011030
SlJAZ8
Solanum lycopersicum Solyc06g068930
SlJAZ9
Solanum lycopersicum Solyc08g036640
SlJAZ10
Solanum lycopersicum Solyc08g036620
SlJAZ11
Solanum lycopersicum Solyc08g036660
SlJAZ12
Solanum lycopersicum Solyc01g009740
SlJAZ13
Solanum lycopersicum LOC104649733
